The integration of atomically-thin layers of two dimensional (2D) materials in nanodevices demands for precise techniques at the nanoscale permitting their local modification, structuration or resettlement. Here, we present the use of Local Oxidation Nanolithography (LON) performed with an Atomic Force Microscope (AFM) for the patterning of nanometric motifs on different metallic Transition Metal Dichalcogenides (TMDCs). We show the results of a systematic study of the parameters that affect the LON process as well as the use of two different modes of lithographic operation: dynamic and static. The application of this kind of lithography in different types of TMDCs demonstrates the versatility of the LON for the creation of accurate and reproducible nanopatterns in exfoliated 2D-crystals and reveals the influence of the chemical composition and crystalline structure of the systems on the morphology of the resultant oxide motifs.
Introduction
The implementation of nanotechnology in real world applications relies on the use of accurate and simple lithographic techniques that permit the preparation of nanodevices. In this scenario, lithography based on Scanning Probe Microscopy (SPM) [1, 2] has become very important due to its versatility, opening the door to new approaches such as the scratching or shaving of surfaces, the controlled deposition of material, or the realization of local chemical reactions. In particular, local oxidation nanolithography (LON) [3] [4] [5] a.k.a Local Anodic Oxidation (LAO) or Oxidation Scanning Probe Lithography (o-SPL), has been broadly used; under controlled ambient humidity conditions, when a bias voltage is applied between the tip of the microscope and the sample, a confined water meniscus is created by capillary condensation at the tip-surface interface. This confinement area acts as an electrochemical cell where an oxidation reaction takes place. The tip works as the cathode, the water acts as the electrolyte and the sample plays the role of the anode (oxidation reaction), so the chemical reaction gives rise to the formation of an oxide feature (see schematics at Figure 1a) . The technique has been also extended to other liquids, which changes the nature of the patterned motifs, giving rise for example, to carbon-based features that can be used as etching resistant [6] . Since the first nano-oxidation lithography performed on silicon by Dagata et al. in 1990 [3] , a large number of materials have been lithographed with oxide motifs, i.e.: metals, semiconductors, organic surfaces or layered crystals like Transition Metals Dichalcogenides (TMDCs) [7] [8] [9] . Thus, as a result of the interest awakened by the isolation of real 2D systems from bulk laminar crystals, LON was also extended to single layers with the formation of oxide patterns on graphene [10] . By means of this accurate lithography it is possible, for instance, to pattern graphene nanoribbons opening a band gap which permits the implementation of graphene in field effect transistors [11] . Regarding TMDCs, analogous nano-oxidation processes have been performed on semiconducting 2D-TMDCs, for example, by the selectively oxidation via oxygen plasma of MoS2 [12] and by the laser-oxidation procedure of multilayer TaSe2 [13] or WSe2 [14] . However few examples can be found in the literature that use LON on ultrathin layers of TMDCs, namely the patterning of ultrathin metallic TaS2 flakes [15] , and the local oxidation of semiconducting MoS2 layers [16] . Yet, the rich chemical tuneability and (opto)electronic properties that one can find within the TMDC family could provide new interesting platforms for the application of LON. Given the wide variety of applications that TMDCs have found nowadays in fields such as energy storage, optoelectronics, or biosensors [17, 18] , LON could be a powerful tool to facilitate the structuration and integration of 2D crystals in devices or multifunctional systems. Interestingly, the ability to nanostructure thin superconducting TMDC layers by LON could be employed for the manipulation of the vortex state (in an attempt to modify the vortex pinning and to enhance the critical parameters, such as the critical current or the critical temperature) [19] , and to address the appearance of novel vortex phases or the control of the vortices dynamics for developing new devices based on the flow of magnetic fluxons [20] .
In this scenario, we have performed a comprehensive study of the influence of different oxidation parameters that affect the LON process, such as the tip velocity or the tip-to-sample distance, using 2H-TaS2 flakes as the target material. Additionally, we have also studied the oxidation process on other metallic systems (which are superconductors at low temperatures): 2H-TaSe2, 2H-NbSe2 and 2H-NbS2; where we analyze the material-dependent oxidation patterns observed.
Materials and Methods

(1) Synthesis of TMDCS Single Crystals
The crystal growth of TMDCs was performed by chemical vapor transport (CVT). In a first step, powders of the metal and the chalcogen were mixed in a stoichiometric ratio in an evacuated sealed quartz ampoule (P ~10 −5 mbar) and heated at high temperatures (typically, at 900 °C during 9 days). Secondly, the obtained polycrystalline material was mixed with iodine as a transport agent in an evacuated sealed quartz ampoule (P ~10 −5 mbar) and heated in a gradient of temperature in a threezone furnace. Phase purity was confirmed by X-ray powder diffraction (XRPD). More details regarding the crystal growth and characterization of the different TMDCs can be found in the Supplementary Materials S1. Since the first nano-oxidation lithography performed on silicon by Dagata et al. in 1990 [3] , a large number of materials have been lithographed with oxide motifs, i.e., metals, semiconductors, organic surfaces or layered crystals like Transition Metals Dichalcogenides (TMDCs) [7] [8] [9] . Thus, as a result of the interest awakened by the isolation of real 2D systems from bulk laminar crystals, LON was also extended to single layers with the formation of oxide patterns on graphene [10] . By means of this accurate lithography it is possible, for instance, to pattern graphene nanoribbons opening a band gap which permits the implementation of graphene in field effect transistors [11] . Regarding TMDCs, analogous nano-oxidation processes have been performed on semiconducting 2D-TMDCs, for example, by the selectively oxidation via oxygen plasma of MoS 2 [12] and by the laser-oxidation procedure of multilayer TaSe 2 [13] or WSe 2 [14] . However few examples can be found in the literature that use LON on ultrathin layers of TMDCs, namely the patterning of ultrathin metallic TaS 2 flakes [15] , and the local oxidation of semiconducting MoS 2 layers [16] . Yet, the rich chemical tuneability and (opto)electronic properties that one can find within the TMDC family could provide new interesting platforms for the application of LON. Given the wide variety of applications that TMDCs have found nowadays in fields such as energy storage, optoelectronics, or biosensors [17, 18] , LON could be a powerful tool to facilitate the structuration and integration of 2D crystals in devices or multifunctional systems. Interestingly, the ability to nanostructure thin superconducting TMDC layers by LON could be employed for the manipulation of the vortex state (in an attempt to modify the vortex pinning and to enhance the critical parameters, such as the critical current or the critical temperature) [19] , and to address the appearance of novel vortex phases or the control of the vortices dynamics for developing new devices based on the flow of magnetic fluxons [20] .
In this scenario, we have performed a comprehensive study of the influence of different oxidation parameters that affect the LON process, such as the tip velocity or the tip-to-sample distance, using 2H-TaS 2 flakes as the target material. Additionally, we have also studied the oxidation process on other metallic systems (which are superconductors at low temperatures): 2H-TaSe 2 , 2H-NbSe 2 and 2H-NbS 2 ; where we analyze the material-dependent oxidation patterns observed.
Materials and Methods
(1) Synthesis of TMDCS Single Crystals
The crystal growth of TMDCs was performed by chemical vapor transport (CVT). In a first step, powders of the metal and the chalcogen were mixed in a stoichiometric ratio in an evacuated sealed quartz ampoule (P~10 −5 mbar) and heated at high temperatures (typically, at 900 • C during 9 days). Secondly, the obtained polycrystalline material was mixed with iodine as a transport agent in an evacuated sealed quartz ampoule (P~10 −5 mbar) and heated in a gradient of temperature in a three-zone furnace. Phase purity was confirmed by X-ray powder diffraction (XRPD). More details regarding the crystal growth and characterization of the different TMDCs can be found in the Supplementary Materials S1. Two different AFMs were used for the local oxidation nanolithography on TaS 2 . One is a Nanoscope IVa (Bruker, Karlsruhe, Germany) interfaced with a home-made voltage amplifier. In this instrument, the nanolithography was made by programming simple patterns (dots, lines, and matrices) in C++. The other one is a Cervantes Fullmode SPM (Nanotec Electrónica S.L., Madrid, Spain) using the AFM mode, that provides powerful nanolithography software WSxM (WSxM 5.0 Develop 7.0, Nanotec Electrónica S.L., Madrid, Spain) [21] . This software permits plotting customized pre-loaded patterns as well as simple patterns. All experiments were carried out at room temperature and the ambient relative humidity of 40%-70% by employing a commercial bench-top humidifier.
In both AFMs, a vertical optical microscope is used to visualize the tip over the surface, being able to position the tip on top of the selected flake. The topographic characterization of the surface is made in Tapping mode, which is a non-invasive mode of operation. The same silicon probes of f r ≈ 300 KHz and k ≈ 40 N/m (PPP-NCH, Nanosensors, Neuchatel, Switzerland)) were used for the morphological characterization as well as for performing the LON. CT-AFM was performed under N 2 atmosphere on a Veeco Enviroscope (Bruker, Karlsruhe, Germany) multimode AFM equipped with a Digital Instruments NanoScope IV controller (Bruker, Karlsruhe, Germany). This apparatus was modified by Houzé et al. to perform local resistance measurements in the range of 10 2 -10 12 Ohms under a bias voltage ranging from 0.1 to 10 V, with 5% accuracy [22] . In this set-up, the conductive tip is electrically polarized and the current flowing through the sample is amplified, converted in a voltage related to the resistance (V α log(R)) and analyzed by the Nanoscope IV's controller. In these experiments samples were contacted to a sample holder with conducting silver paint and boron-doped polycrystalline diamond coated Si 3 N 4 tips with spring constant k ≈ 40 N/m (Bruker) were used to scan the sample in contact mode while performing the resistance mapping at an applied bias of 2 V. 
Results and Discussion
AFM LON on TaS 2 Surfaces
The TaS 2 flakes were transferred to freshly base-activated Si p-doped substrates by a micro-mechanical exfoliation technique developed by us [23] . Both thick and ultrathin TaS 2 flakes were obtained making it possible to study the LON results as a function of the number of layers.
Dynamic-Tip LON
The AFM-LON studies were first conducted using the classical oxidation procedure in which the tip is oscillating during the process (dynamic-tip LON). In these samples, the LON produced massive oxide formations with a rippled topography (Figure 1b ). This ripple oxide formation by dynamic-tip LON was found to be very sensitive to the experimental conditions. Oxide dots created at the same values of voltages and times exhibit not only different topologies (different number of rings) but also different heights and widths.
This observation can be related to the fact that the size of an oxide pattern by LON generally depends on the size of the meniscus, and this is dependent on the tip-to-sample distance (among other parameters). Shorter tip-substrate spacing favors the formation of the water meniscus while an increase in the tip-to-sample distance leads to a linear decrease in the meniscus width [24, 25] . In our case, the tip-to-sample distance was found to have a threshold value from which the size of the pattern grew significantly as can be seen in Figure 2a . The tip-to-sample distance was checked by recording the so called force-distance curve. This distance can be adjusted by choosing the corresponding amplitude of oscillation and by fitting the set point in tapping mode. In general, a set point of 1.5 V was initially tuned in order to achieve a reasonable surface proximity for LON purposes. As the tip-to-sample distance was decreased, the oxide width and height grew. The standard 12-14 nm tip-to-sample distances led to precise nano-dot writing. As the tip was pushed closer to the surface, uncontrolled massive oxide formations were fabricated. Interestingly, it was also observed that the number of the outer rings of the ripple formations grew in an inversely proportional manner with respect to the tip sample distance: three outer rings for d ts = 14 nm, two outer rings for d ts = 15 nm and a single outer ring for d ts = 16 nm. So for a bigger water meniscus (shorter tip-to-sample distance), a bigger oxide motif is formed and there is more space for the formation of a ripple structure with a larger number of rings.
As observed for other materials [26] , it was also found that there is always a threshold potential from which the oxide started to form. Then, at a constant tip-sample distance, the size of the whole pattern is governed by the pulse time duration (t ox ). In Figure 2b it is shown a set of three oxidized dots performed at d ts~1 3 nm and voltage pulse, V ox = −21 V, with increasing time of oxidation 100 ms, 200 ms, 300 ms, respectively. The formations grew in number of rings, height and width as the pulse time was increased.
Finally, some experiments were performed at a positive bias instead of a negative bias and similar results were obtained. As expected, the polarity of the voltage pulse did not affect the oxidation outcome given the metallic nature of the TaS 2 conducting flakes [27] . Finally, some experiments were performed at a positive bias instead of a negative bias and similar results were obtained. As expected, the polarity of the voltage pulse did not affect the oxidation outcome given the metallic nature of the TaS2 conducting flakes [27] .
Static-Tip LON
As already demonstrated in a previous study [15] a modification of the regular dynamic-tip LON was used to perform accurate and reproducible patterns. In this case, instead of oxidizing in tapping mode, a static oxidation method was developed in which the oscillation amplitude was stopped during the application of the voltage pulse (static-tip LON). This new methodology affords a higher degree of control of the morphology and profiles of the patterned structures by fine-tuning the oxidation conditions (Figure 3a) . Although we do not have yet a theoretical study that confirms our hypothesis, we can suggest based on the experimental observations, that the oscillation induces a less controllable oxide dot, probably due to the change in size of the water capillary during the oxidation process in the dynamic-tip mode oxidation that enlarge the oxidation area because the tip-to-sample distance is changing during the oscillation. However, in the static-tip mode the tip-to-sample distance remains constant, reaching a better control on the pattern shape. (See a schematic carton describing both processes in the Supplementary Materials, Figure S2 ). Further experiments were directed toward optimizing the precision of the static-tip oxidation by adjusting the pulse duration and the applied voltage, while maintaining a constant humidity and tip-sample distance. It appears that the height and the final area of the oxidized pattern directly depend on the voltage and time pulse, respectively. Once again, threshold potentials were found to be very sensitive to experimental instant conditions, varying in the approximately same range as for dynamic-tip oxidation. Once the threshold voltage was established, the resulting oxide sizes could be precisely controlled by adjusting the pulse duration (Figure 3b) . In order to assure a precise oxidation of sub-nanometric features on the surface, pulse times within the tens of millisecond time-scale were required. 
As already demonstrated in a previous study [15] a modification of the regular dynamic-tip LON was used to perform accurate and reproducible patterns. In this case, instead of oxidizing in tapping mode, a static oxidation method was developed in which the oscillation amplitude was stopped during the application of the voltage pulse (static-tip LON). This new methodology affords a higher degree of control of the morphology and profiles of the patterned structures by fine-tuning the oxidation conditions (Figure 3a) . Although we do not have yet a theoretical study that confirms our hypothesis, we can suggest based on the experimental observations, that the oscillation induces a less controllable oxide dot, probably due to the change in size of the water capillary during the oxidation process in the dynamic-tip mode oxidation that enlarge the oxidation area because the tip-to-sample distance is changing during the oscillation. However, in the static-tip mode the tip-to-sample distance remains constant, reaching a better control on the pattern shape. (See a schematic carton describing both processes in the Supplementary Materials, Figure S2 ). Further experiments were directed toward optimizing the precision of the static-tip oxidation by adjusting the pulse duration and the applied voltage, while maintaining a constant humidity and tip-sample distance. It appears that the height and the final area of the oxidized pattern directly depend on the voltage and time pulse, respectively. Once again, threshold potentials were found to be very sensitive to experimental instant conditions, varying in the approximately same range as for dynamic-tip oxidation. Once the threshold voltage was established, the resulting oxide sizes could be precisely controlled by adjusting the pulse duration (Figure 3b) . In order to assure a precise oxidation of sub-nanometric features on the surface, pulse times within the tens of millisecond time-scale were required.
Once the proper working parameters are set, static-tip LON enabled a uniform and reproducible patterning of oxide motifs on large surface areas of thick 2H-TaS 2 flakes. Figure 4a shows the high reproducibility reached with the static-tip mode. To illustrate the uniformity reached, the 1040 oxide nanodots, could be fitted to a Gaussian distribution with a standard deviation as small as 0.15 nm.
This result is comparable with the precision reached with dynamic-tip LON performed on silicon [28] . The improved control over the patterning technique achieved via static-tip LON opened the door to the oxidation of ultrathin few layer TaS 2 samples (<5 nm) [15] . Nevertheless, regardless of the high level of precision that can be achieved in static mode, long pulse durations and high values of voltage pulses, gave rise to oxide motifs that exhibit the characteristic rippled structure already observed in dynamic-tip LON. Once the proper working parameters are set, static-tip LON enabled a uniform and reproducible patterning of oxide motifs on large surface areas of thick 2H-TaS2 flakes. Figure 4a shows the high reproducibility reached with the static-tip mode. To illustrate the uniformity reached, the 1040 oxide nanodots, could be fitted to a Gaussian distribution with a standard deviation as small as 0.15 nm. This result is comparable with the precision reached with dynamic-tip LON performed on silicon [28] . The improved control over the patterning technique achieved via static-tip LON opened the door to the oxidation of ultrathin few layer TaS2 samples (<5 nm) [15] . Nevertheless, regardless of the high level of precision that can be achieved in static mode, long pulse durations and high values of voltage pulses, gave rise to oxide motifs that exhibit the characteristic rippled structure already observed in dynamic-tip LON.
Finally, it was also found that the oxidation performed at lower scan speeds produced higher oxide motifs than the ones obtained scanning at faster speeds. A height profile taken in Figure 4b (performed at v = 100 nm/s) and 4c (performed at v = 500 nm/s) is shown in Figure 4d , where it can be clearly seen that the faster scans give rise to lower dots than the slower scans. 
Characterization of LON Motifs Patterned on 2H-TaS2
Etching Experiments
As it occurs for other materials (LON in silicon, for example), the oxide created by LON does not only grow above the surface but also propagates towards the underlying layers of the material Finally, it was also found that the oxidation performed at lower scan speeds produced higher oxide motifs than the ones obtained scanning at faster speeds. A height profile taken in Figure 4b (performed at v = 100 nm/s) and 4c (performed at v = 500 nm/s) is shown in Figure 4d , where it can be clearly seen that the faster scans give rise to lower dots than the slower scans.
Characterization of LON Motifs Patterned on 2H-TaS 2
Etching Experiments
As it occurs for other materials (LON in silicon, for example), the oxide created by LON does not only grow above the surface but also propagates towards the underlying layers of the material creating a 3D pattern. Direct evidence of the bulk characteristics of the oxide motifs created on TaS 2 could be observed by immersing the samples in an HF solution to selectively etch the oxidized motifs ( Figure 5 ). These experiments confirmed that the wave-like nature of the oxidation mechanism on TaS 2 was transferred into the silicon substrate; this can be clearly observed for the case of the thinner crystals (Figure 5b and Figure S3 ). For the thicker samples we notice that the oxide growth outside the surface is slightly higher than the oxidation inside the sample, in a similar way to what is observed for the LON on Si, where 60% of the oxide is above the substrate baseline [29] . 
Electrical Properties of the Ultrathin TaS2 Layers
To probe the conducting behavior of the deposited flakes and the material growth on the generated motifs, conducting tip AFM (CT-AFM) was performed on oxidized and non-oxidized TaS2 flakes.
First, the resistance map of a flake with different thicknesses deposited on doped silicon was measured. When a 2 V bias was applied between the tip and the surface during contact scanning, a clear contrast in the conductance between TaS2 flakes and the surface was observed (Figure 6 ). The entire TaS2 surface appeared to have the same conducting behavior and therefore, no effect of the flake thickness was observed (Figure 6b) . The electrical properties of the oxide motifs patterned via 
Electrical Properties of the Ultrathin TaS 2 Layers
To probe the conducting behavior of the deposited flakes and the material growth on the generated motifs, conducting tip AFM (CT-AFM) was performed on oxidized and non-oxidized TaS 2 flakes.
First, the resistance map of a flake with different thicknesses deposited on doped silicon was measured. When a 2 V bias was applied between the tip and the surface during contact scanning, a clear contrast in the conductance between TaS 2 flakes and the surface was observed (Figure 6 ). The entire TaS 2 surface appeared to have the same conducting behavior and therefore, no effect of the flake thickness was observed (Figure 6b) . The electrical properties of the oxide motifs patterned via LON on top of TaS 2 layers were also probed. As expected, a clear contrast was observed between conductive pristine and insulating oxidized regions (Figure 6d ). The big difference in conductivity makes these TaS 2 /Ta 2 O 5 heterostructures surfaces excellent candidates for the fabrication of circuitry at the nanoscale and also for more advanced lower temperature applications profiting from the superconducting properties of TaS 2 layers. 
LON on Other TMDCs
The AFM-LON was also performed in other type of TMDCs in order to elucidate the unusual growth mechanism found for the TaS2 and to extend the method for the fabrication of heterostructures for future applications.
The selected TMDCs were: TaSe2, NbSe2, and NbS2. As well as TaS2, all of them exhibit a metallic behavior at room temperature and superconducting type II at low temperature. They were conveniently exfoliated from CVT crystals by micromechanical exfoliation with the technique above mentioned, and transferred on to freshly base-activated Si p-doped substrates. Each sample preparation was always done just before performing the LON experiment following the same procedure used for the TaS2.
After applying similar oxidation parameters in dynamic-tip LON mode, rippled motifs similar to the concentric rings obtained in TaS2 were also observed on NbS2. However, for the case of selenide compounds (TaSe2 and NbSe2), oxide motifs of a central spot surrounded by a single ring with a nipple shape were always produced. This kind of feature reminds of the oxide growth on silicon and on certain polymers caused by a nano-explosion followed by a shockwave (Figure 7 ) [30] . It is worthy to mention that by means of applying a voltage with an AFM tip on the semiconducting TMDCs MoS2 [31] and WSe2 [32] , different types of structures have been achieved, that also resemble the patterns presented in this work. However in both cases, authors highlight the non-oxide nature of the motifs, against the results observed by us that prove the oxide nature of the obtained patterns on above mentioned metallic TMDCs (i.e.: HF etching experiments and spectroscopic measurements in [15] ). 
The AFM-LON was also performed in other type of TMDCs in order to elucidate the unusual growth mechanism found for the TaS 2 and to extend the method for the fabrication of heterostructures for future applications.
The selected TMDCs were: TaSe 2 , NbSe 2 , and NbS 2 . As well as TaS 2 , all of them exhibit a metallic behavior at room temperature and superconducting type II at low temperature. They were conveniently exfoliated from CVT crystals by micromechanical exfoliation with the technique above mentioned, and transferred on to freshly base-activated Si p-doped substrates. Each sample preparation was always done just before performing the LON experiment following the same procedure used for the TaS 2 .
After applying similar oxidation parameters in dynamic-tip LON mode, rippled motifs similar to the concentric rings obtained in TaS 2 were also observed on NbS 2 . However, for the case of selenide compounds (TaSe 2 and NbSe 2 ), oxide motifs of a central spot surrounded by a single ring with a nipple shape were always produced. This kind of feature reminds of the oxide growth on silicon and on certain polymers caused by a nano-explosion followed by a shockwave (Figure 7 ) [30] . It is worthy to mention that by means of applying a voltage with an AFM tip on the semiconducting TMDCs MoS 2 [31] and WSe 2 [32] , different types of structures have been achieved, that also resemble the patterns presented in this work. However in both cases, authors highlight the non-oxide nature of the motifs, against the results observed by us that prove the oxide nature of the obtained patterns on above mentioned metallic TMDCs (i.e.: HF etching experiments and spectroscopic measurements in [15] During the exfoliation process of NbS2 crystals, it was observed that the characteristic TMDCs platelet-like flakes were mixed with needle-like stacks. From the transmission electron microscopy analysis of these needles, we could infer the rhombohedral phase 3R of the NbS2 (for detailed characterization see the Supplementary Materials S1). The local oxidation of this new system gave rise to a unique case of dendritic oxide growth (Figure 8a,b) . Instead of the expected rippled mounds, dendritic shaped oxides that formed a fractal pattern were obtained on the needle. A range of oxidation parameters were utilized to create different sizes although all of them appeared to have the dendritic structure. While applying less voltage and shorter time pulses, the formations obtained were more rounded and smaller in size (Figure 8c-1) , very high voltages (> −30 V) applied during 100 ms or more, derived in an uncontrolled oxide branched formation that grew several microns all over the surface until reaching the limits of the needle (Figure 8c-2) . As observed for the rippling formations, the dendritic oxides always stopped at the edges of the crystal. The experiment was repeated in different needle-like stacks of 3R-NbS2 and always a dendritic growth was obtained (Figure 8d-f) . The dendrites have a central circular spot just right below the site were the AFM tip makes the discharge and then, it seems to evolve through avalanches like the ripple formations of the rest of the TMDCs studied. This anomalous structure could be due to an oxidation process taking place across the planes in the needle-like exfoliated crystals. Etching experiments were carried out to ascertain the 3D nature of this type of oxide formations. As can be seen in Figure 8f , the etching reveals a 3D pattern that grew deep inside the 3R-NbS2. In this case, the 50% of the oxide grows above the substrate baseline. During the exfoliation process of NbS 2 crystals, it was observed that the characteristic TMDCs platelet-like flakes were mixed with needle-like stacks. From the transmission electron microscopy analysis of these needles, we could infer the rhombohedral phase 3R of the NbS 2 (for detailed characterization see the Supplementary Materials S1). The local oxidation of this new system gave rise to a unique case of dendritic oxide growth (Figure 8a,b) . Instead of the expected rippled mounds, dendritic shaped oxides that formed a fractal pattern were obtained on the needle. A range of oxidation parameters were utilized to create different sizes although all of them appeared to have the dendritic structure. While applying less voltage and shorter time pulses, the formations obtained were more rounded and smaller in size (Figure 8c-1) , very high voltages (>−30 V) applied during 100 ms or more, derived in an uncontrolled oxide branched formation that grew several microns all over the surface until reaching the limits of the needle (Figure 8c-2) . As observed for the rippling formations, the dendritic oxides always stopped at the edges of the crystal. The experiment was repeated in different needle-like stacks of 3R-NbS 2 and always a dendritic growth was obtained (Figure 8d-f) . The dendrites have a central circular spot just right below the site were the AFM tip makes the discharge and then, it seems to evolve through avalanches like the ripple formations of the rest of the TMDCs studied. This anomalous structure could be due to an oxidation process taking place across the planes in the needle-like exfoliated crystals. Etching experiments were carried out to ascertain the 3D nature of this type of oxide formations. As can be seen in Figure 8f , the etching reveals a 3D pattern that grew deep inside the 3R-NbS 2 . In this case, the 50% of the oxide grows above the substrate baseline.
Finally, the static-tip LON experiments were also performed in NbSe 2 demonstrating the possibility of patterning very small oxide motifs with high accuracy and reproducibility. Moreover, by the fine adjustment of the LON parameters, we were capable to oxidize a large area of 12.5 µm 2 with a matrix of 20 × 20 dots of average heights of 1 nm (See Figure S4) proving that it is a general LON method that could be extended to any exfoliated TMDC.
makes the discharge and then, it seems to evolve through avalanches like the ripple formations of the rest of the TMDCs studied. This anomalous structure could be due to an oxidation process taking place across the planes in the needle-like exfoliated crystals. Etching experiments were carried out to ascertain the 3D nature of this type of oxide formations. As can be seen in Figure 8f , the etching reveals a 3D pattern that grew deep inside the 3R-NbS2. In this case, the 50% of the oxide grows above the substrate baseline. 
Conclusions
In this work, we have demonstrated that it is possible to use the formation of well-defined oxide motifs to pattern metallic TMDCs flakes of different composition and thicknesses. After exceeding a voltage threshold, the size of the oxide dot has the usual dependence with humidity, tip-to-sample distance, t ox , V ox and scan speed observed in other materials like silicon. Interestingly, the morphology of the oxide feature seems to change with the nature of the chalcogenide, and the phase of the material, giving rise to nipple shapes, concentric rings, or even dendritic structures.
The formation of a unique outer ring surrounding a central oxide spot observed in TaSe 2 and NbSe 2 is an anomaly that has been also observed for semiconducting Si substrates and insulating polymers [30] . For LON on TaS 2 and NbS 2 surfaces, various concentric symmetrical rings were formed instead of a unique ring. The number of rings grew with the lateral size of the oxide motif and this rippled formation is only observed for the sulphide materials. It has been shown that the LON experiments performed onto the needle-like 3R-NbS 2 crystals behave completely different from the rest. In this case, a dendritic growth has been found that could be explained if the oxidation process takes place across the crystal planes instead of on top of a single plane. Unfortunately, we still do not have a complete explanation about the mechanisms responsible of these different morphologies and they are currently under study.
The pattering of large areas (µm 2 ) with nanometric motifs over exfoliated TMDCs crystals gives rise to the combination of materials with completely different properties (e.g., superconducting/isolating) that can be seen as multifunctional horizontal heterostructures. In addition, this formation of the oxide patterns could permit the study of vortex formation and dynamics in 2D superconducting materials. The possibility of creating these pinning centers by static-tip LON with high reproducibility and accuracy in flakes with different thicknesses opens the door for the study of the thickness-dependent vortex dynamics on superconducting TMDC. 
